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Accepted 3 February 2016Biohybrid nanostructuredmaterials, composed of both inorganic nanoparticles and biomolecules, offer prospects
for many new applications in extremely diverse ﬁelds such as chemistry, physics, engineering, medicine and
nanobiotechnology. In the recent years, Phage display technique has been extensively used to generate phage
clones displaying surface peptides with functionality towards organic materials. Screening and selection of
phage displayed material binding peptides has attracted great interest because of their use for development of
hybrid materials with multiple functionalities. Here, we present a self-assembly approach for the construction
of hybrid nanostructured networks consisting of M13 P9b phage clone, speciﬁc for Pseudomonas aeruginosa, se-
lected by Phage display technology, directly assembledwith silver nanoparticles (AgNPs), previously prepared by
pulsed laser ablation. These networks are characterized by UV–vis optical spectroscopy, scanning/transmission
electron microscopies and Raman spectroscopy. We investigated the inﬂuence of different ions and medium
pH on self-assembly by evaluating different phage suspension buffers. The assembly of these networks is con-
trolled by electrostatic interactions between the phage pVIII major capsid proteins and the AgNPs. The formation
of the AgNPs-phage networks was obtained only in two types of tested buffers at a pH value near the isoelectric
point of each pVIII proteins displayed on the surface of the clone. This systematic study allowed to optimize the
synthesis procedure to assembly AgNPs and bacteriophage. Such networks ﬁnd application in the biomedical
ﬁeld of advanced biosensing and targeted gene and drug delivery.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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The controlled assembly of bio-hybrid nanostructured materials is
an emerging research area due to their potential applications in bioen-
gineering, biosensing and biomedical research. Among the wide variety
of biological scaffolds, ﬁlamentous bacteriophages have recently
attracted much attention for the development of accurately positioned
nano-biotemplates, since the phage particle can be modiﬁed to form
hetero-complexes with organic or inorganic nanomaterials. Ultimately,
ﬁlamentous bacteriophage M13 represent attractive alternatives to an-
tibodies or synthetic peptides, for developing newnanobiohybridmate-
rials [1–4], due to their robustness, resistance to heat and to many
organic solvent (such as 50% methanol [5] and 30% DMSO [6]) acid
and alkali as well as a low-cost production [7,8]. Phage display is a
high-throughput biotechnique that allows the presentation of exoge-
nous peptides on the surface of one ﬁlamentous phage. This technology
involves the introduction of exogenous peptide sequences into a loca-
tion in the genome of the phage capsid proteins such as pVIII and pIIIielm@unime.it
. This is an open access article under[9]. Thus, themain advantage of phage display is the enormous diversity
of variant peptides that can be represented. Random phage libraries, in
fact, include billion phage clones expressing on their surface more than
1012–1014 different peptides [10]. The library is used to select speciﬁc
phage clones that interact with particular targets, generatingmolecular
probes with high afﬁnity and selectivity [11–14].
More recently, novel strategies were developed to functionalize
gold and silver nanoparticles with different Raman reporter mole-
cules for targeting speciﬁc ligands such as peptides, proteins,
antibodies, Deoxyribonucleic acid (DNA) and antibody fragments
[15–19]. Nevertheless, some drawback still remain such as the avail-
ability to identify selectively and with high reproducibility probes
that can act like SERS nanotags for the recognition of target cells.
Taking into account the above described properties, phage-metallic
nanoparticles networks are considered appropriate systems to inte-
grate the unique signal-reporting properties of themetallic nanopar-
ticles while preserving the biological properties of phages [20]. The
surface of each ﬁlamentous bacteriophage M13 virus consists of
about 2700 copies of a major coat protein which package a single-
stranded circular viral DNA into a rod with a total length of 880 nm
and a diameter of 6.6 nm [21]. This major coat protein is a charged
α-helix consisting of 50 residues, and constitutes the bulk of thethe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. Optical absorption response of Ag nanoparticles prepared in water.
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(and the amino terminus) are solution accessible and contribute to
the surface charge on M13. By changing the pH, change the proton-
ation states of the amino acids on the virus major coat protein, there-
by modifying the surface charge density [21].
Clearly the coat protein has the ability to adopt its conformation,
which allows the protein to exist in distinctly different environments,
such as the phage ﬁlament, the I form phage, the S-form phage, and
the membrane-bound form [23]. This is possible because of the amphi-
pathic nature of the coat protein so that it can have both hydrophobic
and hydrophilic interactions with its environment. This property gives
the protein a large conformational space that allows very ﬂexible pro-
tein aggregational schemes.
In this work, the inﬂuence of different phage suspension buffers
(i.e. the inﬂuence of different ions and medium pH) on the self-
assembly of AgNPs and bacteriophage are studied in order to ﬁnd
the appropriate conditions to favor the formation of the AgNPs-
phage complex. The silver nanoparticles were prepared using the
pulsed laser ablation technique in a conﬁning liquid. This is a chem-
ically simple and clean synthesis method to obtain, in a one step top-
down procedure, size controlled AgNPs dispersed in water. The
intrinsic ability to produce stable species without the a priori need
for any aggressive chemicals, like reducing or capping agents,
makes laser ablation in liquids particularly attractive as an bio-
compatible technique, allowing to obtain AgNPs useful for biomedi-
cal applications, as that reported in this paper. On the overall, the
results obtained show that an appropriate control of the electrostatic
interactions between the phage pVIII major capsid proteins and the
Ag nanoparticles determines the AgNPs-phage complex formation.
2. Materials and methods
2.1. Ag nanoparticles preparation
Colloidal solutions of Ag nanoparticles were prepared by pulsed
laser ablation of a high purity (99.9%) silver target immersed in distilled
water, using the second harmonic (532 nm) of a neodymium-doped yt-
trium aluminum garnet (Nd:YAG) laser (model New Wave Mod. Tem-
pest 300) operating at 10 Hz repetition rate with a pulse width of 5 ns
[24,25]. The target was irradiated at the laser ﬂuence of 1 J/cm2 and
for an ablation time of 20 min.
2.2. Phage clone
P9b phage clone display the foreign peptide QRKLAAKLT [13], that
represents a speciﬁc and selective probe for Pseudomonas aeruginosa,
was derived from a M13 pVIII-9aa phage peptide library (kind gift of
Prof. F. Felici) through previously described afﬁnity-selection proce-
dures [13]. A total estimated isoelectric point value (pI) of 6.3. of P9b
phage clone was calculated by using “compute MW/pI,” present on
the proteomics server of the Swiss Institute of Bioinformatics Expert
Protein Analysis System (ExPASy). The phage- displayed peptide P9b
was chosen as a prototype for optimize the synthesis procedure to as-
sembly AgNPs and bacteriophage.
2.3. Phage suspension buffers
In order to evaluate the inﬂuence of phage suspension buffer on the
phage assembly with silver nanoparticles, different pH and ion-type
buffers were used:
Phosphate Buffer (PB*) 0.2 M pH 5.86. Potassium phosphate monoba-
sic anhydrous (22.4 g/l, Lickson) and sodium phosphate dibasic
heptahydrate (3.49 g/l, Sigma-Aldrich) were mixed and solubilized in
ultrapure water. The ﬁnal pH was 5.86.
Phosphate Buffer (PB*) 0.2 M pH 7.23. Potassium phosphate monoba-
sic anhydrous (9.36 g/l, Lickson) and sodium phosphate dibasicheptahydrate (32.73 g/l, Sigma-Aldrich) were mixed and solubilized
in ultrapure water. The ﬁnal pH was 7.23.
Phosphate Buffered Saline (PBS) 0.01M pH 7.18. Potassiumphosphate
monobasic (0.2 g/l, Lickson), sodiumphosphate dibasic (1.15 g/l, Sigma-
Aldrich), sodium chloride (8 g/L, Applichem) and potassium chloride
(0,2 g/L, AnalytiCals Carlo Erba)weremixed and solubilized in ultrapure
water. The ﬁnal pH was 7.18.
Tris-buffered saline (TBS) pH 5.18 and pH 7.02. Tris hydrochloride
(7.88 g/l, Euroclone) and sodium chloride 140 mM (8.77 g/L,
Applichem) were mixed and solubilized in ultrapure water. The pH
was adjusted with hydrogen chloride 5 N in order to give the ﬁnal
pH values of 5.18 and 7.02.
2.4. Phage-AgNPs networks preparation
The phage-AgNPs networks were prepared according to the pro-
cedure described by Lentini et al. [14]. Silver nanoparticles were in-
cubated with the phage clone resuspended in different buffers
(title of 5 ∙1011 pfu/ml) in a 4:1 ratio at 30 °C in orbital shaking at
320 rpm (KS130 Basic IKA) over night. In order to separate the
AgNPs-phage network from the unbounded phage and free silver,
networks were puriﬁed by centrifugation at 20,800 ×g for 30 min
and resuspended in 5 ml of their respective buffers. The complexes
were stored at 4 °C until utilization.
2.5. Samples characterization
TheUV–vis absorption response of the Ag nanostructureswas inves-
tigated, in the colloidal phase immediately after the ablation process, by
means of a Perkin-Elmer Lambda 750 UV–vis spectrometer in the
190–1100 nm range. Further, the Ag sample morphology was investi-
gated by means of Transmission Electron Microscopy (TEM) measure-
ments. The TEM images were taken on appropriately dried solutions
by a JEOL JEM-2010 microscope, operating at an acceleration voltage
of 200KV and equipped with a Gatan 794 Multi-Scan CCD camera. A
fraction of the AgNPs-phage colloidal complexwas deposited on carbon
substrates to carry out Scanning Electron Microscopy (SEM) character-
ization. SEM images were taken by a scanning electron microscope
(Merlin; model ZEISS-Gemini 2) operating at an accelerating voltage
of 5 kV. Micro-Raman spectroscopy measurements were carried out
bymeans of an Horiba XploRa spectrometer equippedwith anOlympus
BX40 microscope, a Peltier cooled charge coupled device (CCD) sensor
Fig. 2. TEM image of the Ag NPs.
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time of 100 s allowed a sufﬁcient signal/noise (S/N) ratio.2.6. Result and discussions
UV–vis optical absorption spectra of Ag nanocolloids show a well-
deﬁned absorption band (Fig. 1). The observed absorption band, is as-
cribed to the surface plasmon resonance (SPR) contribution, centered
at 400 nm.
The Ag morphology was investigated by TEM imaging (Fig. 2). The
sample consists of nearly spherical nanoparticles smaller than 20 nm
in diameter. Some spherical agglomerations of about 50 nm are also ev-
ident. The observed nanoparticles overlapping could be dependent on
the TEM sample preparation itself (i.e. drying a colloidal solution drop-
let on a microscopy grid).Fig. 3. Absorption spectra of the Ag NPs in different ion-typeIn order to assess the inﬂuence of phage suspension buffer on the
phage assembly with silver nanoparticles, different pH and ion-type
buffers were evaluated.
Firstly, the stability of silver nanoparticles in the used buffers was
evaluated by optical absorption spectroscopy in the UV–Vis region
(Fig. 3).
The optical absorbance intensity value of AgNPs SPR peak decreases
signiﬁcantly when the Ag NPs are dispersed in the PB* buffer solution at
the pH value 7.23 and it is totally absent when a solution with a pH
value of 5.86 is used. The disappearance of the Ag marker indicates
that noAgnanoparticles remain in suspension. A high level of silver pre-
cipitates was seen in the glass vessels, probably due to the formation of
sparingly soluble silver salts on the particle surface.
A similar behavior is observed for the Ag nanoparticles dispersed in
PBS (whose pH is 7.18): only a slight hint of the SPR signal is evident. Fi-
nally, the SPR feature is totally absent in TBS. On the overall, it emerges
that the optical absorbance reduction/absence of the SPR signal is prob-
ably due to the formation of sparingly soluble silver salts on the particle
surface. In fact the ions present in the buffer solutions, such as sodium
(Na+), potassium (K+), chloride (Cl−) and phosphate (PO43−), complex
with the AgNPs resulting in nanoparticles aggregation andprecipitation.
This phenomenon is usually explained as resulting from the screening of
electrostatic repulsions between the nanoparticles [26,27].
Taking into account these results, silver nanoparticles were incubat-
ed with the phage clone resuspended in the different buffers. In Fig. 4
are shown the optical absorption spectra of AgNPs-P9b networks in
the different ion-type buffers and, for the same buffer, at different pH
values.
Themost relevant evidences are that the AgNPs does not totally pre-
cipitate in the presence of bacteriophage as well as an agglomeration
process occurs between the species in solutions.
The spectrum of AgNPs-P9b PB* buffer solution, (see Fig. 4a), show a
low visible contribution in the 250–270 nm range, due to the aromatic
residues of phage [28,29] and the well-known SPR band centered at
405 nm, even if with a signiﬁcantly reduced intensity values. Moreover,
the SPR contribution asymmetrically widens with respect to that ob-
served for the as prepared water Ag NPs. This behavior seems to be par-
tially affected by the pH values of the PB* buffer solution.
In Phosphate Buffered Saline (PBS) 0.01 M pH 7.18 than in Tris-
buffered saline (TBS) pH 5.18 and 7.02, a yellowish colored solution is
obtained after overnight incubation at 30 °C of P9b with AgNPs.
The SPR lineshapes of the AgNPs-P9b networks in PBS and TBS (see
Fig. 4b,c) show very similar behaviors to that observed in PB* (Fig. 4a),buffers and, for the same buffer, at different pH values.
Fig. 4. Absorption spectra of AgNPs-P9b networks in the different ion-type buffers and, for the same buffer, at different pH values.
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we see the phage signals around 270 nm.
Comparing these features with the behavior shown in Fig. 3, the
most relevant evidence is the persistence of AgNPs SPR peak, which is
signiﬁcantly decreased in the absence of the phage. AgNPs do not totally
precipitate in the presence of bacteriophage and, indirectly, it indicates
an interaction between phage and AgNPs, maintaining them in suspen-
sion. This behavior seems to be partially affected by the pH values of the
buffer solution.
This effect appears to be stronger for AgNPs in PBS and TBS respect to
the ones in PB* and it is attributed to the different ionic species present
in the buffers. On the overall, the optical absorption response in theFig. 5. SEM image of AgNPsdifferent ion-type buffers and pH values is inﬂuenced by the different
ions present and by the ﬂuctuations in the surrounding ion clouds [30].
Polyelectrolytes in aqueous solution are coated by a condensed layer
of mobile oppositely charged counterions [21]. Because of their poly-
electrolyte nature, M13 and other ﬁlamentous viruses can be com-
plexed by different ions, changing the spatial distributions of charges
on their surfaces. In particular, pVIII major coat proteins constitute the
bulk of the total charge on the virus [31].
Changes in the phage surface charge dramatically affect its ability to
assemble procapsids, as reported by Parent et al. [32]. They demonstrat-
ed that P22 phage capsid assembly is driven by multiple protein–
protein electrostatic interactions of viral subunits during the assembly-P9b networks in TBS.
Fig. 6. Raman spectra of AgNPs-P9b networks in PBS (pH 7.18).
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proper association, nucleation and elongation of correctly assembled
procapsids. Anionic interactions are necessary and important for medi-
ating P22 procapsid assembly. Furthermore, anions could alter forma-
tion of salt bridges between coat and scaffolding proteins or change
solvent hydration of the individual proteins.
The importance of salt–bridge interactions in stabilizing proteins
varies and appears to be highly dependent upon factors such as the
screening of the charges by solvent, the cost of desolvating the charged
groups to form these bridges, and the relative ﬂexibility of the side
chains involved in the ion pair [33].
Furthermore, the pVIII protein surface charge density can be con-
trolled by changing the pH of the system which, in this work, is appro-
priately changed in order to obtain a pH value in an interval around
the isoelectric point pI of P9b phage. As reported before, for the P9b
phage the pVIII protein pI value is 6.3, this means that the protein sur-
face charge is positive at pH below pI, for example in the case of TBS
pH 5.18, and negative at pH above pI, such as for TBS at pH 7.02, but
in both cases we notice a similar behavior. This result suggests that
the assembly of silver nanoparticles onto phage is not only directed by
opposite-charge interaction between silver nanoparticles and bacterio-
phage, but an important role is related to the different types of ions
present in the buffer. The electrostatic interactions between silver nano-
particles and bacteriophage are governed by the Brownian motion of
the ions in the buffer solution, that act like attractor sites, by creating
salt bridge and promoting the formation of AgNPs-phage networks.
The occurred formation of the networks, consisting of entire bacteri-
ophage structure directly assembled with AgNPs, was evidenced carry-
ing out SEM/EDX measurements. Particularly closed-packed Ag-phage
nanostructures were formed on the assembled phage ﬁlms on all the
micrometer-length scale investigated, as shown in Fig. 5. Most of theFig. 7. Schematic showing the primary structure and domain organization of the pVIII
major coat protein in phage M13. Red: acid domain (1–6); Green: amphipathic domain
(7–20); Blue: hydrophobic domain (21–39); Yellow: basic domain (40–50).AgNPs are in the regions in which the EDX probe shows the presence
of nitrogen, carbon and oxygen species as well as atomic species typical
of salts. This result indicates that the phage structures are decorated to
the AgNPs and in proximity of the salts.
The Ag-phage networks were also characterized carrying out
Raman measurements. No Raman features typical of the phage in
the 600–2000 cm−1 range was observed for the Ag-phage network
in PB*. This is probably due to an excess of phosphate ions present
in solution that led to the formation of unstable networks.
In Fig. 6 are shown the Raman spectra of P9b phage and AgNPs-P9b
networks in PBS (pH 7.18). The Raman spectrum of phage is character-
ized by some contributions located at 993, 1285 and 1643 cm−1, attrib-
uted to the stretchingmode of amide and the peaks centered at 540 and
1455 cm−1, ascribed to polar and aromatic residues of phage coat pro-
teins [34,35].
In particular, the contribute at 540 cm−1 is related to ν(S–S) trans-
gauche-trans mode of amino acid cysteine. The wild-type sequences
of M13 major coat proteins do not contain cysteines, whereas pIII,
pVII, and pIX have internal cysteines that play important roles in struc-
ture formation via disulﬁde bonds [36]. Moreover, the phage Raman
spectrum is characterized by a barely visible band at 1240 cm−1, due
to amide III random coil, and by a narrow peak at 1643 cm−1, attributed
to themajor capsid protein (pVIII) α-helix secondary structure [37–39].
The AgNPs–P9b network shows some differences respect to the P9b
phage.We observe a signiﬁcant shift of the Raman features associated to
the protein contributions and the appearance of new Raman features,
centered at around 745, 890, 972, 1169, 1297, 1352 and 1600 cm−1).
Moreover, with respect to the P9b phage Raman spectrum, it is very in-
tense the contributions at about 1060 cm−1, referred to the PO2−
stretching mode of packaged ssDNA phage [40] and the peak at 745,
890 and 972 and at 1352 cm−1, ascribed to the symmetric breathing
of tryptophan, C-C and C-N stretching mode of amide. These spectral
changes depend on the orientation and the distance of the molecules
from the surface of the metal nanostructures [41]. We remember that
theM13 ﬁlamentous bacteriophage coat is a symmetric array of several
thousand α-helical major coat proteins (pVIII) that surround the DNA
core. The structure of the pVIII major coat protein has been studied by
different methods [42,43], which collectively provide many details
about main chain and side chain conformations, subunit orientation,
and ﬁlament architecture. The sequence of pVIII can be divided into
four functional domains [22]: (i) an acid (1–6) and an amphipathic do-
main (7–20) on the N-terminus; (ii) a hydrophobic (21–39) and a basic
domain (40–50) located near the C-terminus (see Fig. 7). Moreover, as
Fig. 8. Raman spectra of AgNPs-P9b networks in TBS (pH 7.02).
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gion while Phe 26 is positioned in an α-helix tract.
Approximately six of the 50 residues (and the amino terminus NH2)
are solution accessible and contribute to the surface charge on M13.
By changing the pH or the ions in buffer solution, we change the pro-
tonation states of the amino acids on the virus major coat protein,
thereby modifying the surface charge density [21] This property
gives the protein a large conformational space that allows very ﬂex-
ible protein aggregational schemes. The transition between the dif-
ferent conformations depends on pH and salt concentration.
In this contest the Raman spectral changes, observed in presence of
the Ag NPs, are mainly index of stretching modes deformation of tyro-
sine and phenylalanine residues of the hydrophobic region of the Tyr
21, Tyr 24 and Phe 26 major capsid proteins which are located near
the C-terminus of the pVIII proteins [46]. On the overall, these Raman
spectral changes suggest the occurred phage direct interaction with
AgNPs [47], preserving the binding activity of the engineered peptides
displayed on the N-terminus of the same major coat proteins.
In Fig. 8 are shown the Raman spectra of P9b phage and AgNPs-P9b
networks in TBS (pH 7.02). In TBS, the Raman spectrum of phage is
similar to one observed in PBS. However, some features related to
the CH2OH groups stretching vibration of polar amino acids serine
and threonine at 1045 cm−1 [48] and to the vibrational modes of
the nucleotide bases of packaged ssDNA located at 598 and
1290 cm−1 [40] are more evident. Furthermore, the folding variation
of phage coat proteins in TBS buffer is conﬁrmed by the presence of a
peak located at 904 cm−1, assigned to the variations in the secondary
structures of proteins (CH2/CH3 deformations as scissoring, wagging,
twisting, and rocking).
The main differences between the Raman spectra of AgNPs-P9b
complex and P9b in TBS are: (i) the shift of the phenylalanine contribu-
tion from 1456 cm−1 down to 1452 cm−1; (ii) the appearance of new
Raman peaks at 1005 and 1590 cm−1, ascribed to asymmetric and sym-
metric ring breathingmodes of phenylalanine [47]; (iii) the appearance
of new contributes at 709 and 855 cm−1, assignable to tyrosine residues
[49,50]; (iv) the appearance of some peaks related to protein stretching
modes (at 1128, 1238, 1273 and 1388 cm−1).
These dynamic structural changes indicate the binding of silver
nanoparticles mainly on the aromatic side chains of tyrosine and phe-
nylalanine residues. In particular, three important residues (Tyr 21,
Tyr 24 and Phe 26), located in a highly hydrophobic segment of the
pVIII proteins, are involved in the assembly of bacteriophage and
AgNPs. Furthermore, the appearance of a new peak at 1273 cm−1,which is assignable to CHα-helix rocking, conﬁrm the folding variation
of the α-helix portion of the hydrophobic domain where the phenylal-
anine residue 26 is located [46,51]. In this way, the engineered peptides
on N-terminal portions of the PVIII remain available for a speciﬁc and
selective target-binding.
A similar approach was adopted by Souza et al. that studied the ef-
fect of cis- and trans-acting factors on the bottom-up assembly of Au
nanoparticles (AuNPs) with either native or mutant bacteriophage
[52]. The cis-acting factor consists of a peptide extension displayed on
the pVIII that mutates the phage, while the trans-acting factor is repre-
sented by pH variation of the medium. A stable and spontaneous
organization of these hydrogels was achieved by turning the pH, and
therefore controlling phage surface charge, or by changing the composi-
tion of the phage pVIII. However, this Au-phage assembly is a combina-
tion of citrate replacement coupled with electrostatic interaction
between the charged residues on the pVIII and AuNPs. So the interaction
between nanoparticles and phage aremainly governed by the opposite-
charge interaction, differently from our system in which the different
types of ions of the medium have a fundamental role on the assembly.
3. Conclusions
M13 bacteriophage can serve as a versatile and multifunctional ma-
terial building block due to the ease of its genetic manipulation and its
monodisperse ﬁlamentous shape. We have investigated some of the
variables that inﬂuence the organization and assembly of phage with
silver nanoparticles. Our result suggests that, the AgNPs-phage assem-
bly are not only directed by opposite-charge interaction, but a signiﬁ-
cant role is played by the pH and the ion-type buffer solution. We
found that the organization and assembly of laser prepared AgNPs and
phage was favorite signiﬁcantly at pH above the phage pI and using sa-
line buffer (with presences of Na+ and Cl−) that form saline bridge be-
tweenAgNPs and phage. The streamlinedmethodology, reported in this
study, may serve as a complementary approach to understand and to
gain control on the assembly of active phage-nanoparticles system.
These networks could ﬁnd application in the biomedical ﬁeld of ad-
vanced biosensing, tissue engineering, bioelectronic systems and
targeted gene and drug delivery.
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